Understanding the molecular basis of drug resistance and utilising this information to overcome chemoresistance remains a key challenge in oncology. Here we report that survivin, a key protein implicated in drug resistance, is overexpressed in cancer stem cell pool of doxorubicin-resistant breast cancer cells. Moreover, by utilising an active targeting system consisting of an RNA aptamer targeted against the epithelial cell adhesion molecule and a Dicer substrate survivin siRNA, we could deliver a high dose of the siRNA to cancer stem cells in xenograft tumours. Importantly, silencing of survivin with this aptamer-siRNA chimera in cancer stem cell population led to the reversal of chemoresistance, such that combined treatment with low dose of doxorubicin inhibited stemness, eliminated cancer stem cells via apoptosis, suppressed tumour growth, and prolonged survival in mice bearing chemoresistant tumours. This strategy for in vivo cancer stem cell targeting has wide application for future effective silencing of anti-death genes and in fact any dysregulated genes involved in chemoresistance and tumour relapse.
Introduction
Resistance to chemotherapy is a major mediator of treatment failure for solid malignancies [1] . Intensive efforts in developing chemosensitizing agents and either reversing or modulating chemoresistance have yielded only limited success to date [2] . Recent advances in tumour biology have revealed the extensive intratumoural genetic heterogeneity within human cancers [3] , with the acquisition of resistance often mediated by outgrowth of resistant clones present at low frequency [4] .
Emerging evidence suggests that cancer stem cells (CSCs) represent clones within a tumour that are
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International Publisher responsible for treatment failure [5] . These CSCs possess unique properties, including resistance to treatment and evasion of cell death, as well as being capable of initiating and sustaining tumour growth in serial transplantation assays in immunocompromized animals [5] . The identification and targeting key molecules responsible for CSC survival will facilitate the development of effective CSC therapies.
Among known pro-survival proteins, survivin has been shown to exert a number of effects in cancer, where it is involved in inhibition of apoptosis, regulation of the mitotic spindle checkpoint and the promotion of angiogenesis and chemoresistance [6] . Largely undetectable in normal adult tissues, survivin becomes overexpressed in most tumours following chemotherapy and radiotherapy, and its overexpression correlates with poor prognosis in patients with multiple cancer types [7] . Furthermore, the overexpression of survivin has been found in CSCs in both solid and liquid cancers [8, 9] . Thus, targeting survivin overexpression represents a promising strategy to combat drug resistance [10] . However, the role of survivin in CSCs remains elusive, with the consequences of targeting survivin in CSCs as a means of chemosensitization yet to be elucidated.
As a revolutionary technology to control aberrant gene expression, RNA interference (RNAi) has great potential in combating tumour cells that evade chemotherapy through elevated expression of key genes, such as survivin. However, the translation of RNAi into the clinic has been hindered by the inability of effectively delivering a sufficient dose to specific cell populations [11] . An emerging strategy for targeted delivery of siRNA is the aptamer-guided RNAi [12] . Aptamers are synthetic, single-stranded nucleic acids that fold into complex 3-D structures capable of recognizing targets with high affinity and specificity [13] . Fusion of aptamer sequences to synthetic siRNAs has been shown to promote cell-specific siRNA internalization and gene knockdown following systemic administration [11, 14, 15] . Such a chimera approach possesses several advantages including simplified large-scale production with greater purity and consistency, and allowing unlimited gene targeting to virtually any cell type [16] . However, the use of an aptamer-siRNA chimera to target CSCs in vivo has not been reported.
One of the potential CSC markers for RNAi-medicated therapy is Epithelial cell adhesion molecule (EpCAM), which is present at low levels in normal epithelial cells but is highly overexpressed (up to 800-fold) in many solid cancers [17] . For example, enhanced EpCAM expression has been observed in ~98% primary breast cancers and is associated with poor prognosis [17] . A trifunctional antibody, catumaxomab, with specificity for EpCAM has shown clear clinical benefits in the treatment of malignant ascites associated with EpCAM-positive carcinomas [18] . Importantly, EpCAM is also a marker for CSCs in cancers of the prostate, colon, pancreas, breast, ovary, lung, and stomach/intestine [19] [20] [21] [22] , an attribute utilized to target survivin in CSCs with siRNA in this work.
Here, we describe a critical role of survivin in acquired chemoresistance in breast CSCs. By fusion with an EpCAM-specific aptamer, survivin siRNA could be delivered specifically to breast CSCs and successfully silence this anti-apoptosis gene in vivo. The resulting reversal of chemoresistance was accompanied by inhibited self-renewal of CSCs and extended survival of tumour-bearing mice. Therefore, aptamer-guided and CSC-targeted in vivo RNAi represents a promising novel avenue to overcome chemoresistance and achieve lasting remission.
Materials and methods

In vitro gene silencing
In the case of siRNA transfection, cells were trypsinized 24 h before transfection, resuspended at a concentration of 60,000 cells/mL in DMEM medium. Cells were transfected with 10 nM survivin or 50 nM MDR1 siRNAs using Lipofectamine 2000 (Invitrogen, 11668-030) according to the manufacturer's instruction (the guide strands of survivin siRNA and MDR1 siRNA are 5'-UGUAGAGAUGCGGUGGUCCTT-3' and 5'-GAAGCACTGGGATGTCCGGT-3', respectively). Twenty-four or 48 hours after the treatment, total RNA or protein were prepared for qRT-PCR or immunoblotting, respectively. In the case of chimera treatment, cells were cultured at 30% confluence and chimera was added directly. Twenty-four or 48 hours after the treatment, total RNA and protein were prepared, respectively.
Tumour implantation and treatment
To establish xenograft tumours, 4 × 10 6 MCF-7/Adr or 2 × 10 6 U118MG cells were resuspended in 150 µL of 50% Matrigel (BD, 354234), and injected into the 4 th mammary fat pad of NOD-SCID female mice (6-8 week old). Once tumours arose, mice were randomized into treatment groups of 5 -8 mice per group. A 7-day treatment protocol was initiated when the tumour volume reached 60 mm 3 . Specifically, Dox group was treated with PBS on day 1 and 5 mg/kg Dox on day 3, 5, 7. Chimera and negative control chimera groups were treated with 2 nmol/mouse chimera or control chimera on day 1, 3, 5 and PBS on day 7, while chimera + Dox and control chimera + Dox groups were treated with chimera or negative control chimera on day 1, followed by the combined chimera (or control chimera) and Dox on day 3 and 5 with single Dox injected on day 7. Mice were euthanized two days after the last treatments. Tumour fragments were processed for mRNA and protein assays or archived in neutral buffered formalin for apoptosis and proliferation assays.
In vivo limiting dilution assay
MCF-7/Adr tumour bearing mice were randomly assigned to groups (8 mice per group) and underwent various treatments. Two days after the last treatment, tumours from the same treatment groups were pooled and single cells suspension was prepared and secondary xeno-transplantation was carried out. Specifically, viable cells taken from each group were inoculated into three sub-groups of mice using a cell doses of 1 × 10 6 , 2 × 10 6 and 4 × 10 6 /mouse, 8 mice per sub-group. The growth of tumour was evaluated daily during a 6-month period. The endpoint was defined as when the maximum diameter of a tumour reached 17 mm or consistent or rapid body weight loss of 20% or other health deteriorations. The estimated CSC frequency was calculated using the limiting dilution software package on the website of Walter and Eliza Hall Institute of Medical Research (http://bioinf.wehi.edu.au/software/elda/index.ht ml).
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 3.03. An unpaired t test was used for comparisons between two experimental groups, and ANOVA was used for comparisons of more than two groups. Survival data were analyzed with the Mantel-Cox log-rank test. Unless otherwise indicated, all results were averaged from biological triplicates and values are reported as means ± SEM. A P value of less than 0.05 was considered statistically significant.
Results
Survivin is overexpressed in the CSC population of MCF-7/Adr cells
In order to investigate the role of survivin in chemoresistance in breast cancer, we generated a doxorubicin (Dox)-resistant sub-line of the human breast adenocarcinoma MCF-7 cells by chronic exposure of MCF-7 cells to a clinically relevant Dox concentration of 300 nM [23] . The resultant MCF-7/Adr cells displayed a 5-fold increase in resistance to Dox and mesenchymal-like morphology ( Figure 1A and B), similar to that previously reported for drug resistant primary breast cancer cells derived from biopsies [24] . Furthermore, the MCF-7/Adr cells expressed 21-fold more survivin protein along with elevated levels of other proteins involved in drug efflux (ABCG2 and MDR1), anti-apoptosis (survivin and Bcl-2), and stemness (Notch1, Nanog, Nestin, SOX2 and OCT4) ( Figure 1C and D) .
To study the involvement of CSCs in chemoresistance, we utilized a combination of cell surface makers, EpCAM + /CD44 + /CD24 -, previously shown by others as a robust marker for the identification and isolation of breast CSCs [25] . Considering the heterogeneous property of tumours, the reliability of this marker combination in identifying CSCs in MCF-7/Adr cells was initially confirmed. As illustrated, in contrast to EpCAM -/CD44 + /CD24 -and EpCAM -/CD44 -/CD24 -MCF-7/Adr cells, the Ep-CAM + /CD44 + /CD24 -population showed prominent multi-potent differentiation ( Figure 1E ) and self-renew capacities ( Figure  1G ). Notably, MCF-7/Adr cells had an approximately 24-fold increase in the population of EpCAM + /CD44 + /CD24 -cells compared to the parental MCF-7 cells, accompanied by a 5-fold higher mammosphere forming efficiency ( Figure 1F and G) .
Next, we investigated whether silencing of survivin using a 21-mer siRNA [26] could reverse chemoresistance of MCF-7/Adr cells to Dox. As shown in Figure 2 , transfection of MCF-7/Adr cells with this survivin siRNA resulted in more than 80% reduction of both survivin mRNA and protein. The specificity of survivin silencing was demonstrated by rescuing the siRNA-induced phenotype through the expression of an RNAi-resistant form of survivin cDNA, as well as the absence of siRNA-induced phenotype in cells treated with a scrambled siRNA control (Figures 2A and B) . As demonstrated, the knockdown of survivin resulted in more than 4-fold increase in the sensitivity of MCF-7/Adr to Dox (Figure 2C) . Interestingly, the increased chemosensitivity was associated with a significant reduction in the mammosphere formation efficacy of MCF-7/Adr cells ( Figure 2D ) and a 2-fold reduction in the abundance of EpCAM + /CD44 + /CD24 -cells ( Figure 2E ). Critically important was the fact that it was the Ep-CAM + /CD44 + /CD24 -population, but not the Ep-CAM + /CD44 + /CD24 -or EpCAM -/CD44 -/CD24 -population of MCF-7/Adr cells that expressed more survivin (>23-fold) than parental MCF-7 cells ( Figure  2F ). These data led to the hypothesis that the overexpression of survivin in CSCs was responsible for the acquired chemoresistance in MCF-7/Adr cells. 
Development of an aptamer-siRNA chimera for CSC-targeted RNAi
In order to effectively knock down survivin in CSCs, we adopted an aptamer-guided RNAi strategy by developing a CSC-targeted aptamer-siRNA chimera [27] . Specifically, an EpCAM targeted RNA aptamer [28] was fused with a 27-mer Dicer substrate survivin siRNA (designed based on the above 21-mer siRNA) to generate an EpCAM aptamer-survivin siRNA fusion ( Figure 3A-C) .
To engineer a chimera that has optimized chemical modifications, 10 different versions of the chimera ( Figure S1A ) were tested. Based on serum stability, Dicer processing efficiency and silencing efficacy, Chimera No. 10 that had an 8.3 h half-life in 50% human serum and produced a strong dose-dependent survivin gene silencing efficacy was selected (Supplementary Results and Figures S2A-C). This chimera consisted of a 25/27-nt siRNA Dicer substrate duplex for enhanced silencing potency through increased strand selectivity and polarized Dicer activity, with the guide strand placed on top favouring the loading of this 3' overhang-containing strand into RISC. A negative control of this chimera was also generated by introducing two point mutations in the guide strand with the same "miRNA-like seed region" and an identical passenger strand compared to the chimera ( Figure 4A ). This was designed to abolish silencing capacity of the siRNA portion while retain the potential of miRNA-mediated effects, thus facilitating the vigorous assessment of potential non-target effects of the chimera. Importantly, attachment of the survivin siRNA did not affect the EpCAM aptamer-dependent targeting, as the chimera bound to MCF-7/Adr cells with a dissociation equilibrium constant of approximately 39 nmol/L, and also bound specifically to various EpCAM-positive cells, including both primary breast cancer biopsies and cell lines ( Figure 4B and Figure S2A -C). Of note, the relative mean fluorescence intensity with the chimera determined by flow cytometric studies corresponded well with the known level of EpCAM expression in the various cell lines tested ( Figure S2B ) [29] . The optimized EpCAM aptamer-survivin siRNA chimera was constructed by linking an 18-nt RNA EpCAM aptamer via a 2-nt (AA) linker to a 27-mer Dicer substrate survivin siRNA, with the guide (antisense) strand on top, a 2-nt (UU)-overhang at the 3'-end of the guide strand and a Dy647 fluorophore conjugated at the 5'-end of the passenger strand. As a negative control, two point mutations in the guide strand (G→A and U→A) that abolish survivin silencing were introduced. (B) Cells were incubated with 100 nmol/L aptamer-survivin siRNA chimera at 37C for 30 min followed by washing and confocal microscopy. Red, Dy647 (chimera), and blue, Hoechst 33342 (nuclei). (C) Cells were subjected to potassium depletion followed by incubation of chimera and examined by confocal microscopy as in B. Green, LysoTracker® Green. (D) Following 1 h incubation of chimera as in B, cell surface fluorescence was quenched using trypan blue and further incubated for 2 h. Cells were treated with LysoTracker® Green in the last 30 min of the 2 h incubation followed by confocal microscopy analysis. Arrows depict cytoplasmic chimera. (E) Quantification of cytoplasmic chimera via confocal microscopy with the aid of ImagePro Premier 9.0 software.
Next, the ability of the chimera to internalize upon binding to cell surface EpCAM was studied. After incubation with the chimera for 30 min, a particular pattern of red fluorescence (for Dy467-labelled aptamer-siRNA chimera) was apparent ( Figure 4B ), indicating that the chimera was endocytozed. Internalization of the chimera was effectively arrested by potassium depletion, a treatment known to block receptor-mediated endocytosis [30] , and the internalization of the chimera reassumed once the potassium depletion was removed ( Figure 4C and Figure S2D ). Thus, chimera internalization was mediated through a receptor-mediated endocytotic pathway.
Importantly, approximately 40% of the internalised chimera was found in the cytoplasm but did not colocalize with late endosomes or lysosomes ( Figures 4D and E) , indicating that the chimera was able to escape endosome to reach the cytoplasm, a necessary prerequisite to engage with the RNAi machinery.
Aptamer-guided survivin silencing sensitizes breast CSCs in vitro
Next, the ability of chimera to specifically silence survivin in vitro in the absence of transfection agents was determined. Indeed, the EpCAM aptamer-survivin siRNA chimera was able to knock down both survivin mRNA and protein by more than 80% in MCF-7/Adr cells and a range of different Ep-CAM-positive breast cancer cells, including cells dissociated from primary breast cancer biopsies ( Figure  S3A-C) . The EpCAM-dependent targeting was demonstrated by the absence of survivin silencing in EpCAM-negative HEK293T cells. The specificity of the chimera-mediated gene silencing was also confirmed through the reversal of survivin knockdown by the introduction of a plasmid expressing an RNAi-resistant version of survivin cDNA. Of note, 300 nmol/L Dox was routinely included in the culture medium to maintain the Dox-resistance phenotype of MCF-7/Adr cells.
Importantly, as in the case of siRNA-induced survivin silencing, combined treatment using 20 nmol/L chimera and 300 nmol/L Dox, but not the chimera or Dox alone, successfully impaired self-renewal efficacy and reduced the CSC population in MCF-7/Adr cells ( Figure S3D-F) . Therefore, chimera-mediated survivin silencing restored the chemosensitivity of breast CSCs, at least in vitro.
PEGylation confers favourable pharmaceutical properties to aptamer-siRNA chimera
Although the chimera displayed specific targeting to EpCAM-positive xenograft MCF-7/Adr tumours in molecular imaging in nonobese diabetic-severe combined immunodeficiency (NOD/SCID) mice ( Figure 5A ), no survivin knockdown was observed after its intravenous administration ( Figure  S4 ). This was due to the short blood circulation time (4 hours) leading to insufficient tumour accumulation, as this version of the chimera had a size of ~4.4 nm which is significantly below the 10 nm renal filtration threshold ( Figure 5B and D) [31] .
In order to effectively silence survivin in CSCs in vivo, the chimera was further engineered by conjugating a terminal 20 kDa polyethylene glycol (PEG) to increase serum retention. Furthermore, a fluorescein isothiocyanate (FITC) was added at the 3'-end and a biotin or Dy647 fluorophore at the 5'-end of the passenger strand of the siRNA portion to allow accurate quantification and facilitate imaging of the chimera without compromizing Dicer processing efficiency ( Figure 5C ). Of note, the PEGylation of the chimera did not adversely affect the affinity and specificity to target EpCAM-positive cells ( Figure S5 ). As expected, the conjugation of PEG increased the hydrodynamic diameter of the original chimera to approximately 15 nm, well above the 10 nm threshold for the glomerular filtration ( Figure 5D ) [31] . Accordingly, there was a significant increase in the accumulation of PEGylated chimera in the xenograft MCF-7/Adr tumour, evident from a 9.5-fold larger area under the fluorescence intensity curve (AUC) for the PEGylated chimera compared with that of the non-PEGylated counterpart ( Figure 5E and F) . The EpCAM-dependent in vivo delivery of this chimera to the EpCAM-positive xenograft tumour was confirmed by the lack of fluorescence in the control EpCAM-negative U118MG glioma during the first 4 h followed by a quick decline of the signal from 5 h onwards ( Figure 5E and F) .
Subsequently a biodistribution study was performed to assess the pharmaceutical properties of the chimera by injecting mice bearing MCF-7/Adr xenograft tumour of ~150 mm 3 with 2 nmol/mouse of chimera followed by quantification of the aptamer-siRNA chimera using an ELISA-based approach ( Figure S6 ). As shown in Figure 5G , the PEGylated chimera accumulated rapidly in highly perfused organs, such as the heart, liver, kidneys, spleen and lungs, and reached a peak concentration in these organs at 30 min, followed by a swift decline to a level between 0.76~4.8% of the respective peak concentrations from 6 h onwards. In contrast, the delivery of chimera to the xenograft tumour displayed a very different time course: while it only reached a third of its peak concentration at 30 min, the chimera reached the peak concentration in the tumour at 6 h time point and persisted for at least 9.5 h. Between 6 h and 10 h after administration, the xenograft tumour contained the highest chimera concentration compared to any other organs/tissues examined.
To ascertain the stability of the chimera following intravenous injection and optimal dose interval, time-related variations of the chimera in serum was studied using ELISA in healthy rats. Consistent with data from the biodistribution assay in mice, the pharmacokinetic analysis revealed that the PEGylated chimera exhibited a short t1/2 (α) for initial redistribution and was reasonably long-lasting, with a t 1/2 (β) of nearly 5 h and a mean residence time of more than 6 h ( Figure 5H and I) . Taken together, the PEGylated chimera possessed favourable pharmaceutical attributes and was capable of robust delivery of siRNA to tumours in vivo. 
Aptamer-guided RNAi efficiently silences survivin gene in vivo
After confirmation of the efficient delivery of PEGylated chimera to tumours (Figure 5 ), the ability of the chimera to knock down survivin gene in vivo was analyzed and found to be highly effective with a near 80% reduction in both survivin mRNA and protein levels ( Figure 6A-C) . The in vivo survivin silencing was EpCAM-dependent since the survivin levels in the EpCAM-negative U118MG tumours was not affected by chimera treatment. Finally, the siRNA mediated sequence specific cleavage of survivin miRNA after in vivo chimera treatment was verified by 5'-rapid amplification of cDNA ends (RACE)-PCR. As shown in Figure 6D , sequencing of the 5'RACE-PCR products demonstrated that an Argonaute2-mediated cleavage occurred between bases 10 and 11 relative to the 5'end of the guide survivin siRNA strand, suggesting that Dicer enters the chimera from the 3'-overhang of the longer strand and yields the expected 21-mer siRNA product ( Figure  3D ).
CSC-targeted survivin silencing results in markedly improved treatment outcome
Next, the efficacy of EpCAM-targeted survivin RNAi combined with Dox in extending overall survival of MCF-7/Adr tumour-bearing mice was assessed, since this represents a key indication of efficacy in elimination of CSCs in oncologic clinics [32] . Tumour-bearing (~30 mm 3 ) NOD-SCID mice were randomized and treated with three cycles of alternating aptamer-siRNA chimera and Dox, with a 2-day interval between to allow the knockdown of survivin before the administration of Dox. Consistent with the in vitro results (Figure S3 ), the negative-control chimera alone had no effect on tumour growth or survival ( Figure 7A and B) . Knockdown of survivin by chimera alone elicited a moderate response. Treatment by Dox alone or combined with the negative control chimera merely retarded tumour growth initially, with the tumour-bearing mice eventually reached the designated animal ethics end points by Day 80 ( Figure 7A ). In contrast, in mice that received the combinatorial chimera and Dox treatment, the tumour growth rate was markedly inhibited, indicating a sustained reduction in tumour growth. Importantly, seven out of eight mice receiving the combinatorial treatment survived at Day 80, with an average tumour burden 2.7-fold lower than that reached in the group treated with Dox alone (Figure 7A and B). Therefore, targeting breast CSCs in vivo using combinatorial chimera and Dox treatment resulted in significantly extended overall survival of the tumour-bearing mice. Given that activation of innate immune responses by synthetic oligonucleotides can lead to cellular toxicity and confound their in vivo therapeutic effects [33, 34] , the potential immunostimulatory effects of the chimera were investigated. To study the possible activation of Toll-like receptor (TLR) 7 and 8 by synthetic RNAs, an in vitro assay using human peripheral blood mononuclear cells (PMBCs) and their ability to secrete interferon (IFN)-α and tumour necrosis factor (TNF)-α was employed [35] . High dose of chimeras (750 nmol/L), either naked or duplexed with the cationic liposome N-[1-(2,3-Dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl-sulfate (DOTAP) targeting endosomal TLR7/8, failed to induce significant levels of IFN-α and TNF-α in PBMCs, unlike the known TLR7/8 ligand, a single stranded RNA ( Figure 7C ) [36] . The in vivo innate immune response was investigated following i.v. injection of 2 nmol of the chimera in immunocompetent Balb/c mice [37] . Unlike the retinoic acid-inducible gene 1 (RIG-I) and TLR3 ligand polyinosinic:polycytidylic acid (poly I:C), which instigated a rapid and sustained induction of IFN-α and TNF-α, there was no detectable cytokine production after chimera treatment (Figure 7D) .
Finally, to address the potential activation of intracellular RIG-I like pathways which may not necessarily lead to detectable circulating cytokines, the induction of the RIG-I target, interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) [38] , in the liver and lung of Balb/c mice treated with 2 nmol chimera was also tested. While poly I:C led to a 100-fold increase in IFIT1 expression in both organs, there was no detectable induction following the administration of chimera ( Figure 7E ). Collectively, these data establish that the chimera does not activate the immune system, indicating that the suppression of tumour growth by the Dox/chimera co-treatment is not immune mediated.
Chimera-mediated RNAi reverses chemoresistance and impairs CSC self-renewal in vivo
To study how aptamer-siRNA chimera treatment enhances chemosensitivity, NOD/SCID mice bearing orthotopic MCF-7/Adr xenograft tumours were treated with three intravenous injections of the chimera or control chimera with or without 5 mg/kg Dox. The tumour weights in the mice treated with chimera combined with Dox were reduced by approximately 89%, being only one-third of those in the mice treated with Dox alone ( Figure 8A ). This was accompanied by a statistically significant reduction in Ki-67 index in tumours treated with combined chimera and Dox compared with those treated with Dox alone ( Figure 8B and Figure S7A) . Consistent with the changes in tumour weights, the combinatorial treatment of chimera and Dox resulted in approximately 10-fold more apoptotic cells than treatment with Dox alone, indicating an enhanced chemosensitivity (Figure 8C and Figure S7B ). Tumours were removed and analyzed on day 9. Data are means ± SEM (n=8). **, P < 0.001; compared with saline-treated group, unless otherwise denoted. (B) Ki-67 labelling index in treated tumours (n=8), **, P < 0.001; compared with saline-treated, unless otherwise denoted. (C) Percentage of apoptotic cells in treated tumours as determined by TUNEL assay (n=8). *, P < 0.01; **, P < 0.001; compared with saline-treated group, unless otherwise denoted. (D) Mammosphere formation efficiency of single cell suspension prepared from tumours treated as indicated (n=8), **, P < 0.001; compared with saline-treated. (E) Changes in the percentage of EpCAM + /CD44 + /CD24 -cells in the treated tumours (n=8). *, P < 0.01; **, P < 0.001; compared with saline-treated. (F) CSC frequency in tumours treated as determined by extreme limiting dilution assay (n=8). *, P < 0.01; **, P < 0.001; compared with saline-treated.
Interestingly, the combined chimera and Dox treatment, but not other treatments, led to a significant reduction of the proteins involved in stemness, such as Notch 1, Nanog, BIM-1 ( Figure S7C ). Conventional chemotherapy agents, such as Dox, are largely ineffective in eliminating CSCs [5] . The markedly increased apoptotic cell death together with the reduction in stemness proteins suggested that aptamer-guided in vivo survivin RNAi sensitized breast CSCs to Dox. To test this hypothesis, the in vitro self-renewal capacity of tumour cells prepared from treated tumours was examined. As shown in Figure  8D , the combinatorial treatment resulted in a 2.5-fold and 4.6-fold greater reduction in mammosphere formation efficacy in the primary and secondary sphere assays, respectively, compared with those treated with Dox alone. In accordance with the diminished self-renewal capacity, three doses of combinatorial chimera and Dox treatment of the tumour-bearing mice effectively eliminated approximately 84% of the breast CSCs (EpCAM + /CD44 + /CD24 -cells) in the treated xenograft tumours ( Figure 8E) .
To enumerate the frequency of CSCs directly, single cell suspensions prepared from treated MCF-7/Adr xenograft tumours were implanted into the secondary recipients of NOD/SCID mice at limiting cell doses. As shown in Figure 8F , different with those observed in other treatment groups, over a 6-month period, no tumour formation was observed in the 1 × 10 6 and 2 × 10 6 cell dose groups prepared from tumour-bearing mice treated with combined chimera and Dox. In the 4 × 10 6 cell dose group, tumour formed with a 5-fold lower frequency and a much longer latency in mice receiving combinatorial treatment than those treated with Dox alone. Thus, in the presence of Dox, survivin knockdown significantly decreased the frequency of CSCs in MCF-7/Adr xenograft tumours. Taken together, EpCAM aptamer-guided in vivo survivin gene silencing markedly sensitized the breast CSCs to Dox, lowered the frequency and impaired the self-renewal capacity of CSCs and thereby prohibited tumour initiation.
Aptamer-guided RNAi directly targets breast CSCs in vivo
To further confirm the direct targeting of CSC by aptamer-guided RNAi, the physical evidence of Ep-CAM aptamer-guided survivin siRNA to enter CSCs and the subsequent functional consequence of reversing chemoresistance of CSCs were studied. To this end, populations enriched for breast CSCs (Ep-CAM + /CD44 + /CD24 -) and non-CSCs (Ep-CAM -/CD44 + /CD24 -and EpCAM -/CD44 -/CD24 -) were sorted from cells treated in vitro as well as those dissociated from treated xenograft MCF-7/Adr tumours. Confocal microscopy confirmed that Dy647-labelled chimera was indeed internalized into breast CSCs in both cell culture and in vivo treated xenograft tumours (Figures 9A-C) . Furthermore, this observed CSC targeting was EpCAM-dependent as no Dy647-labelled chimera was found in non-CSCs (Figure 9A and B) . As shown in Figure 9B , the chimera was found in all in vitro cultured breast CSCs. Importantly, approximately 89% of breast CSCs dissociated from treated MCF-7/Adr tumours was found to uptake the chimera (Figure 9B ), indicating excellent tumour penetration of the chimera in vivo. Consistent with the demonstrated cellular uptake, the chimera elicited robust knockdown of the survivin gene in breast CSCs but not in non-CSCs both in vivo and in vitro ( Figure 9D) .
Importantly, the silencing of survivin in breast CSCs led to a marked increase in the sensitivity of these cells to Dox-induced apoptosis in this Dox-resistant tumour model ( Figure 9E ). Consistent with the known inability of Dox to eliminate CSCs, treatment of mice bearing MCF-7/Adr tumours with Dox alone induced a very low level of apoptosis in breast CSCs but significantly more cell death in non-CSCs in the same tumour ( Figure 9E ). In contrast, when combined with the chimera, the same dose of Dox induced apoptosis in approximately 75% of the breast CSCs ( Figure 9E) . Furthermore, the combinatorial treatment with chimera and Dox resulted in a diminished mammosphere forming capacity of treated breast CSCs both in vitro and in vivo but not with that in non-CSC groups ( Figure 9F ). Taken together, these data demonstrate that aptamer-guided survivin silencing suppressed tumourigenicity and reversed the acquired chemoresistance in MCF-7/ADR xenograft tumours via direct targeting of breast CSCs in vivo.
Discussion
Previous work has shown that survivin is overexpressed in majority of breast cancers and such elevated expression is inversely correlated with the sensitivity of the breast cancer to chemotherapy and predicts adverse clinical outcome [39] [40] [41] [42] . However, the consequence of survivin overexpression in CSCs remains to be explored. Depending on the experimental systems used and approaches adopted, suppression of the survivin function alone could lead to decreased cell viability, increased apoptosis and inhibition of tumour growth [43, 44] ; or no alteration of cell viability or stemness (our results and those from Hong et al [45] ). Certainly, tumour heterogeneity plays a large role in this tumour-and/or cell type-specific discrepancy. Indeed, Guvenc and colleagues have elegantly demonstrated a significant difference in cell viability after disruption of the survivin-LLP-3 complex between the same types of glioma cells with different p53 status [44] . In their study, however, the high concentration (13.6-38.1 µM) of the pharmacological inhibitor used and extended incubation period (72 h) adds another layer of complexity to the specificity in targeting of survivin [44] .
Nonetheless, the consensus emerged from our data and those of others [43, 44] suggests that targeting survivin in CSCs will improve treatment outcome. In this study, we observed overexpression of survivin in the more aggressive ER -/PR -/HER2 -breast cancers biopsies while not in three of the four PR + or HER2 + samples (Table S1 ). This is consistent with a recent report in which over expression of survivin was detected in 45.6% of the 136 triple negative clinical breast cancer samples and correlated with metastasis and poor prognosis [46] . More importantly, we confirmed that the critical role of survivin in chemoresistance of CSCs in human breast cancer, consistent with recent findings that by disrupting the interaction between survivin and Ran, one can sensitize glioma stem cells to temozolomide [44] . Importantly, compared with that in the non-CSCs, the level of survivin were elevated 23-fold in the CSC population of Dox-resistant MCF-7/Adr cells ( Figure 2F ). This is in sharp contrast to some other potential therapeutic targets of CSCs (e.g. BMI-1) which are expressed equally in CSCs and non-CSCs in at least certain cancers [47] .
Interestingly, the expression of MDR1, one of the putative genes promoting chemoresistance in breast cancer [48, 49] , was also elevated in MCF-7/Adr cells. However, silencing MDR1 had no effect on the self-renewal capacity or the abundance of the CSCs (Figure S8 ), suggesting MDR1 is not critically involved in the survival and maintenance of CSCs in MCF-7/Adr cells. Given the finding that survivin overexpression is restricted to the CSC population and plays a critical role in chemoresistance and survival of MCF-7/Adr cells, targeting survivin in CSCs constitutes a promising therapeutic strategy for eradicating CSCs and improving the therapeutic outcome of chemotherapeutic drugs in this model.
To effectively down-regulate survivin in breast CSCs, a fully synthetic aptamer-siRNA chimera, relying on our 18-nt EpCAM aptamer [28] was developed. With the longer strand consisting of only 47 nucleotides (nt), this chimera, to our knowledge, is the shortest effective aptamer-siRNA chimera ever developed. A chimera of such length is amenable to large-scale production via chemical synthesis, unlike that of previously reported chimeras that were produced via in vitro transcription using T7 RNA polymerase [14, 15] .
Given the short circulation time observed with the original chimera, a 20 kDa PEG was introduced and the resultant PEG-conjugated chimera displayed prolonged circulation half-life and enhanced accumulation in the EpCAM-positive MCF-7/Adr tumours, indicating the engagement of the enhanced permeability and retention (EPR) effect. However, it only displayed a late onset, low concentration and short duration of accumulation in the Ep-CAM-negative U118MG tumour, suggesting that the EPR effect alone is necessary but not sufficient for delivering the chimera to tumours ( Figure 5E and F) . Only the combined effect of the EPR effect and active targeting via the EpCAM aptamer ensured a swift, high level and durable delivery of aptamer-siRNA to the EpCAM-positive tumour. In addition, time-dependent biodistribution studies revealed that, after a single injection, the PEGylated chimera reached a concentration of approximately 800-2800 ng/g tumour tissue between 0.5 h to 10 h post-injection (assuming the specific weight of tumour is 1.0), which is equivalent to 22-65 nM ( Figure  5G ). Such a concentration and duration of siRNA in the tumour are known to be sufficient to silence most target genes [50, 51] .
As suggested, one key limiting factor of cancer treatment is the inability of many therapeutic agents to penetrate the core of a tumour mass [52] . Our studies indicate that the PEGylated chimera is able to penetrate the core of the MCF-7/Adr tumour, since the chimera was detected in ~90% of CSCs dissociated from treated xenograft tumours ( Figure 9B ). Furthermore, intracellular chimera could be detected in most of the CSCs ( Figure 9A and C) , essential for its engagement with the cellular RNAi machinery. This study therefore provides proof of principle that the challenge of CSC targeted siRNA in vivo delivery can be addressed by targeting a cell surface marker using aptamer-siRNA chimeras.
As reported, apart from overexpressed on CSCs, EpCAM also presents on bulk cancer cells [25, 53] . Therefore, this EpCAM aptamer mediated siRNA delivery system targets both CSCs and bulk cancer cells. In this paradigm, through targeted silencing of survivin in EpCAM-positive tumour cells, Dox was then capable of killing CSCs in addition to bulk tu-mour cells. Since CSCs and non-CSCs may interconvert [54, 55] and survivin has been implicated in the regulation of such interconvertion [56] , the bimodal treatment strategy presented here to target CSCs and their progenies simultaneously appears advantageous, and indeed imperative.
One key implication of this work is that by targeting a CSC related cell surface marker using an aptamer, one can efficaciously deliver siRNA via receptor-mediated endocytosis into CSCs in vivo, thus opening a new front for translating RNAi to the oncologic clinic by silencing any dys-regulated gene expressed in CSCs. This work also sheds light on strategies to overcome chemoresistance, which despite intensive efforts remaining a key limitation clinically [57] . The CSC population represents a major cellular source of chemoresistance within a tumour. However, the targeting of CSCs is hampered by pathway redundancy and potential toxicities [58, 59] . Our study provides a new approach to target CSCs in vivo. By combining targeted delivery of siRNA into CSCs and treatment of Dox, a classical chemotherapy drug known to be ineffective in killing CSCs, can be transformed to an agent capable of eradicating CSCs, thereby reversing chemoresistance and inhibiting both self-renewal and tumourigenic potential ( Figures  7 and Figure 8 ). These findings suggest a potential avenue for not only reversing chemoresistance but also achieving a lasting tumour remission.
In conclusion, we have demonstrated, for the first time, the feasibility and efficacy of effective delivery of siRNA to target CSCs in vivo. When combined with Dox treatment, CSC-targeted survivin silencing led to the reversal of chemoresistance, elimination of CSCs and prolonged survival. The aptamer-guided CSC gene silencing combined with rationally selected chemotherapeutic agent(s) may open up new and practical avenues to combat chemoresistance and treatment relapse.
